Surgical resection represents the only potentially curative therapy for patients with pancreatic adenocarcinoma (PDAC), an aggressive malignancy with a very limited 5-year survival rate. However, even after complete tumor resection, many patients are still facing an unfavorable prognosis underlining the need for better preoperative stratification algorithms. Here, we explored the role of the secreted glycoprotein soluble urokinase plasminogen activator receptor (suPAR) as a novel circulating biomarker for patients undergoing resection of PDAC. Serum levels of suPAR were measured by enzyme-linked immunosorbent assay (ELISA) in an exploratory as well as a validation cohort comprising a total of 127 PDAC patients and 75 healthy controls. Correlating with a cytoplasmic immunohistochemical expression of uPAR in PDAC tumor cells, serum levels of suPAR were significantly elevated in PDAC patients compared to healthy controls and patient with PDAC precursor lesions. Importantly, patients with high preoperative suPAR levels above a calculated cutoff value of 5.956 ng/ml showed a significantly reduced overall survival after tumor resection. The prognostic role of suPAR was further corroborated by uniand multivariate Cox-regression analyses including parameters of systemic inflammation, liver and kidney function as well as clinico-pathological patients' characteristics. Moreover, high baseline suPAR levels identified those patients particularly susceptible to acute kidney injury and surgical complications after surgery. In conclusion, our data suggest that circulating suPAR represents a novel prognostic marker in PDAC patients undergoing tumor resection that might be a useful addition to existing preoperative stratification algorithms for identifying patients that particularly benefit from extended tumor resection.
Introduction
Pancreatic adenocarcinoma (PDAC) is a gastrointestinal cancer with a particularly devastating prognosis. Global incidence rates range from 2.4 to 8.6 cases per 100 000 population and are highest in developed countries and among men (1) . Mortality rates have only slightly decreased over the last years and still nearly equal incidence rates. Therefore, PDAC represents the fourth most common cause of cancer-related death worldwide (2, 3) . The overall 5-year survival rate for all stages of PDAC is still below 10% (4), and surgical resection has remained the only potentially curative therapeutic approach but is often not feasible due to advanced stage of disease at time of diagnosis (5) . Moreover, even after curatively intended resection of PDAC the prognosis of most patients remains poor with a 5-year survival rate between 18 and 50% (6) (7) (8) . Currently available stratification tools assessing the postoperative outcome of patients undergoing tumor resection are not well established and are primarily based on imaging techniques and the patients' clinical performance status, whereas aspects of the individual tumor biology only play a minor role (9, 10) . Thus, there is a vital need for novel stratification strategies that help to better understand which patients represent the ideal candidates for curative PDAC resection.
The soluble urokinase plasminogen activator receptor (suPAR), a secreted circulating glycoprotein ranging from 20 to 50 kDa, was recently described as a promising biomarker in various clinical conditions (11, 12) . Circulating suPAR mainly originates from cleavage of the membrane plasminogen activator receptor (uPAR), which is expressed on the cell surface of epithelial and immune cells, regulating cell migration and adhesion processes (13, 14) . Elevated suPAR serum levels have been described in different clinical conditions including systemic inflammation (15) , kidney disease (16) and cancer (17) (18) (19) . However, the potential role of circulating suPAR in patients with PDAC has remained obscure.
Here, we aimed at evaluating circulating suPAR levels as a novel biomarker in the context of pancreatic cancer in patients undergoing curatively intended tumor resection at our tertiary referral hospital.
Patients and Methods

Study design and patient characteristics
We designed this observational cohort study to evaluate serum levels of suPAR as a biomarker in patients undergoing resection of pancreatic adenocarcinoma (PDAC). Patients with histologically confirmed pancreatic cancer who were admitted to the Department of Visceral and Transplantation Surgery at the University Hospital RWTH Aachen for surgical resection were prospectively recruited in two cohorts between 2011 and 2016 and enrolled into this study (exploratory cohort: 23 patients (enrolled between 2011 and 2012), confirmatory cohort: 104 patients (enrolled between 2012 and 2016), see Table 1 and  Supplementary Table 1 , available at Carcinogenesis Online, for detailed patient characteristics). Serum samples were collected prior to surgery and 6-7 days after tumor resection. The occurrence of acute kidney injury (AKI) I was defined according to the current KDIGO criteria (20) . As control populations we analyzed a total of 75 healthy, cancer-free blood donors with normal values for blood counts, C-reactive protein, kidney and liver function. Moreover, we included a small cohort of patients with pancreatic intraepithelial neoplasia (PanIN) lesions (n = 9). The study protocol was approved by the local ethics committee and conducted in accordance with the ethical standards laid down in the Declaration of Helsinki (Ethics committee of the University Hospital Aachen, RWTH University, Aachen, Germany, EK 206/09). Written informed consent was obtained from the patients.
Immunohistochemistry
Pseudonymized human pancreatic tissue samples were provided by the tissue bank of the National Center for Tumor Diseases (NCT) in Heidelberg in accordance with the regulations of the tissue bank and after approval by the ethics committee of the medical faculty Heidelberg (project ID: 2804). Haematoxylin and eosin (H&E) stainings were performed on formalin-fixed, paraffin-embedded sections and evaluated by experienced pathologists (F.B. and T.L.). Each 10 samples with non-neoplastic pancreatic tissue, n = 5; chronic pancreatitis, n = 5, PanIN (PanIN1: n = 4, PanIN2: n = 3, PanIN3: n = 3), and pancreatic ductal adenocarcinoma were randomly selected and used for further analyses. Immunohistochemistry was performed using an automated staining system (Techmateä 500+, Dako/Agilent Pathology Solution, Santa Clara, CA). Dako Target Retrieval Solution (pH9, Dako/ Agilent Pathology Solution) was used for antigen retrieval. The following antibody was used: uPAR (Thermo Fisher Scientific, Waltham, MA, R-4, 1:2000). Staining was assessed qualitatively and semiquantitatively using the immunoreactive score (IRS) as described previously (21) . 
Statistical analysis
Statistical analyses were performed as recently described (22, 23) . Serum data are given as median and range. Kolmogorov-Smirnov-and ShapiroWilk-Test were used to test for normal distribution. Non-parametric data were compared using the Mann-Whitney-U-Test and the KruskalWallis-Test for multiple comparisons. Box plot graphics show a statistical summary of the median, quartiles and ranges. Receiver operating characteristic (ROC) curves were generated by plotting sensitivity against 1-specificity. The optimal cutoff values for ROC curves were established using the Youden-Index (YI = sensitivity + specificity − 1). The predictive value of suPAR with respect to AKI was tested in a binary logistic regression model. The odds ratio and the 95% confidence interval are displayed. Kaplan-Meier curves were plotted to display the impact on survival. The Log-rank test was used to test for differences between subgroups in Kaplan-Meier curve analysis. The optimal cutoff value for the identification of patients with an impaired overall survival (OS) was established using a recently published biometric software, which fits Cox proportional hazard models to the dichotomized survival status (dead versus alive) and the survival variable (survival time). The optimal cutoff is then defined as the point with the most significant (logrank test) split (24) . The prognostic value of variables was further tested by uni-and multivariate Cox-regression analysis. Parameters with a P-value of < 0.250 in univariate testing were included into multivariate testing. The hazard ratio and the 95% confidence interval are displayed. All statistical analyses were performed with SPSS 23 (SPSS, Chicago, IL) (15) . A P-value of <0.05 was considered statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001).
Results
Tissue expression of uPAR and circulating levels of suPAR in pancreatic cancer-an exploratory analysis
We first analyzed tissue expression levels of uPAR in a small set of pancreas resection samples including PDAC (n = 10), PanIN with different grades of dysplasia (n = 10), chronic pancreatitis (CP, n = 5) and non-neoplastic pancreatic tissue (NP, n = 5). Interestingly, immunohistochemical stainings revealed cytoplasmic uPAR expression in PDAC and PanIN3 lesions ( Figure 1A , lower middle and lower right panel, black arrows), whereas NP, CP and PanIN 1/2 samples only displayed an unspecific nuclear staining that was observed in all samples analyzed an may be related to antigen retrieval ( Figure 1A and B). Next, we compared circulating levels of suPAR in a small exploratory cohort of PDAC patients before tumor resection (n = 23) as well as healthy controls (n = 10). Interestingly, this analysis revealed a highly significant elevation of circulating suPAR levels in PDAC patients compared to healthy controls ( Figure 1B ). Moreover, we explored if the elevation of suPAR serum levels might also be associated with the patients' prognosis after tumor resection. Interestingly, Kaplan-Meier curve analysis showed a strong trend towards a reduced OS in patients with high suPAR levels (e.g. above the 75th percentile) compared to patients with circulating suPAR levels below this cutoff value ( Figure  1C ). Importantly, none of the patients with high suPAR serum levels reached long-term survival, prompting us to perform an analysis in a larger cohort of PDAC patients undergoing tumor resection at our center.
Serum levels of suPAR are elevated in patients with pancreatic adenocarcinoma
Based on the promising data on elevated serum suPAR levels in the exploratory cohort of PDAC patients, we next extended our analyses to a larger cohort of 104 PDAC patients (not including patients from the previous analysis) and compared them to a group of 60 healthy control samples (patients' characteristics are summarized in Table 1 ).
In line with our previous results, PDAC patients displayed significantly higher serum suPAR levels compared to healthy control samples (Figure 2A ). Moreover, we evaluated suPAR serum levels in patients with PanIN lesions (n = 9) as an example for pancreatic cancer precursor lesions. Interestingly, these patients had significantly elevated suPAR levels when compared to healthy controls but significantly lower serum levels compared to pancreatic cancer patients ( Figure 2A ). ROC curve analysis revealed an AUC value of 0.948 for the discrimination between PDAC patients and healthy controls, which was superior to the diagnostic power of established tumor markers such as CA19-9 (AUC 0.917) and CEA (AUC 0.820) ( Figure 2B ). By applying the Youden-index method, an optimal cutoff value of 2.18 ng/ml was established. At this cutoff value, suPAR serum levels showed a diagnostic sensitivity and specificity of 87.2 and 91.8%, respectively. Importantly, the combination of circulating suPAR and CA19-9 levels even further improved the diagnostic power with a sensitivity of 88.5% and specificity of 98% for the discrimination between PDAC patients and healthy controls ( Figure 2C ).
Next, we analyzed if preoperative suPAR serum levels correlated with disease-specific characteristics such as the tumor staging or grading. However, we observed no significant alteration of suPAR serum concentrations when comparing PDAC patients with different T-stages (Supplementary Figure  1A 
Elevated preoperative suPAR serum levels are associated with a reduced OS after resection of pancreatic cancer
To validate our hypothesis on a potential impact of high initial circulating suPAR levels on the patients' prognosis after PDAC tumor resection, we next subdivided our cohort of patients into two subgroups according to the respective preoperative suPAR concentration. We first chose the 75th percentile (5.569 ng/ml) as an arbitrary cutoff value to identify patients with particularly high levels of suPAR. Interestingly, KaplanMeier curve analysis revealed a significantly impaired longterm survival for patients with serum suPAR concentrations above this cutoff value ( Figure 3A ). Based on this finding, we next calculated an optimal prognostic cutoff value by fitting Cox proportional hazard models to the survival status and the survival time and testing for the respective suPAR level with the most significant log-rank test as recently described (see Patients and Methods for further specifications) (24) . When applying this specific cutoff value of 5.956 ng/ml, Kaplan-Meier curve analysis showed a strikingly reduced OS of 231 days for PDAC patients with initial serum suPAR levels above the cutoff value compared to 756 days for patients with low initial suPAR levels below the cutoff ( Figure 3B ).
To further corroborate the prognostic role of circulating suPAR in the clinical context of PDAC resection, we subsequently performed univariate Cox-regression analysis. In this analysis, preoperative suPAR serum levels above the ideal cutoff value turned out as a prognostic factor for OS following PDAC resection (hazard ratio 2.304 [1.392-3.813], P = 0.001). In uniand subsequent multivariate analyses, in which markers of systemic inflammation (leucocyte count and CRP), liver and kidney function (AST, bilirubin and creatinine) as well as clinicpathological parameters (T-stage, age, BMI and ECOG PS) were included, circulating levels of suPAR remained an independent prognostic factor for OS (hazard ratio 2.533 [1.185-5.418], P = 0.017; Table 2 ).
Postoperative suPAR serum levels are unsuitable for the prediction of OS
We next analyzed if postoperative suPAR serum concentration might also reflect patients' outcome after PDAC resection. Postoperative suPAR serum levels were available for 52 of all resected PDAC patients, but were not significantly altered compared to the respective preoperative levels (Supplementary Figure 2A , available at Carcinogenesis Online). Moreover, postoperative suPAR serum concentrations were unaltered between patients with different TNM stages, tumor grading (G2 versus G3) and R 0 /R 1 resection status (Supplementary Figure 2B -E, available at Carcinogenesis Online). In contrast to preoperative suPAR serum levels, Kaplan-Meier curve analysis did not reveal an impaired prognosis for patients with high postoperative serum levels (above the 50th percentile; Supplementary Figure  3A , available at Carcinogenesis Online). In addition, the individual longitudinal kinetics of suPAR serum levels before and after surgery (∆ pre/post-OP) did not provide further information regarding the patients' prognosis after tumor resection (Supplementary Figure 3B , available at Carcinogenesis Online).
Preoperative levels of suPAR predict AKI and surgical complications after surgical resection of PDAC
Based on our data on a prognostic role of suPAR serum levels in the context of PDAC resection, we finally analyzed if suPAR serum levels might correlate with specific clinical postoperative characteristics. Of note, SuPAR was suggested as a predictor of chronic kidney disease and was also described as a predictor of AKI after major cardiac surgery (16, 25) . In our cohort of patients, we observed 16 cases of postoperative stage I AKI according to KDIGO criteria (20) . Importantly, we observed a striking elevation of preoperative suPAR levels in those patients developing postoperative AKI I compared to those patients with normal renal function after pancreatic surgery ( Figure  4A ). In contrast, preoperative creatinine levels (the clinically most established marker of acute and chronic renal failure (26) ) were unaltered between AKI and non-AKI patients ( Figure  4B ). Compared to preoperative creatinine levels (AUC 0.581), preoperative suPAR serum concentrations displayed a superior AUC value of 0.664 for the discrimination between AKI and non-AKI patients in ROC curve analysis ( Figure 4C ). Applying the Youden-Index method, we established an optimal cutoff value of 3.35 ng/ml, at which suPAR serum concentrations had a sensitivity of 86.7% with a specificity of 46.4% for the prediction of postoperative AKI. In line, binary logistic regression analysis revealed preoperative suPAR serum levels above our ideal cutoff as a predictor of postoperative AKI (odds ratio 5.625 [1.204-26 .271], P = 0.028). However, the number of events was too small to perform sufficient multivariate analysis. Finally, we evaluated if preoperative suPAR levels might also be indicative for surgical complications after tumor resection. A total of 38 patients presented with postoperative complications including intraabdominal or gastrointestinal bleeding, abscess formation, anastomotic leak, sepsis or pulmonary embolism. Of these, 22 required revision surgery. Interestingly, initial levels of circulating suPAR were significantly elevated in patients with postoperative complications compared to patients with an uncomplicated clinical course as well as in patients that need surgical revision ( Figure 4D and E).
Discussion
Pancreatic cancer represents a gastrointestinal malignancy with a particularly poor prognosis (2) . While surgical resection represents the only potentially curative therapeutic option, many successfully resected patients are still facing a limited prognosis due to disease recurrence and postoperative complications (5) . However, the knowledge on potential biomarkers for the identification of these patients is still limited. To date, CA19-9 represents the most widely used biomarker in the context of PDAC but its diagnostic and prognostic power is limited, and serum levels of CA19-9 are mainly measured for monitoring of chemotherapy and postoperative surveillance (27) . Here, we examined serum levels of suPAR in two independent cohorts of PDAC patients undergoing extended tumor resection and demonstrate for the first time that suPAR serum levels are elevated in PDAC patients. While it is important to notice that suPAR serum levels are elevated in a variety of clinical conditions including systemic inflammation and other tumor entities (15, 17, 18 ) and therefore do not represent a diseasespecific marker for pancreatic cancer, measurements of suPAR might be implicated into diagnostic algorithms for pancreatic cancer patients. Our data further suggest that preoperative serum levels of suPAR can unravel important information on the patient's individual postoperative course. As such, PDAC patients with high preoperative suPAR levels above our ideal cutoff value of 5.956 ng/ml had a strongly impaired outcome showing a median OS of just 231 days. In contrast, patients with initial suPAR concentrations below the cutoff value showed a significantly better long-term survival with a median OS of 756 days (Figure 3 ). This finding was further confirmed by uniand multivariate Cox-regression analyses including markers of systemic inflammation, renal-and liver function as well as clinical parameters such as the tumor stage and the patients' age, BMI or ECOG performance status (Table 2) . Circulating suPAR originates from shedding of the membrane-bound plasminogen activator receptor (uPAR), which is expressed on a variety of cell types including epithelial and immune cells (28) . In the context of PDAC, several studies described an overexpression of uPAR in tissue samples of PDAC with a predominant overexpression in malignant tumor cells (29, 30) . In line, immunohistochemistry confirmed cytoplasmic uPAR expression in PDAC tumor cells and PanIN3 lesions, but not in normal pancreas, chronic pancreatitis, and low-grade PanIN lesions (Figure 1) . However, only very little is known on circulating suPAR in the context of PDAC. Since experimental data described a strong correlation between circulating suPAR and the tumor volume (31) , it is conceivable to conclude that the elevation of suPAR, which we observed in our cohort of patients, is at least partly related to an increased expression of uPAR in the PDAC tumor tissue. Moreover, increased shedding of uPAR has been described as a surrogate for an increased immune activation within in tumor and might also occur in PDAC patients (32) . However, the underlying pathophysiological mechanisms linking a strong uPAR and/or suPAR expression with an impaired patients' prognosis is not fully understood to date. Several studies suggested that uPAR might act as a promoter of cancer cell survival, proliferation and metastases (33) . As such, uPAR was shown to subvert ligand-regulated EGFR signaling, providing cancer cells with a proliferative phenotype (34) . In PDAC cell lines, high uPAR expression exerts a strong promalignant effect via the p-ERK pathway and strongly contributes to PDAC progression by a positive uPAR/ERK feedback loop (35) . uPAR expression also promotes the differentiation of protumorigenic M2 macrophage differentiation via overexpression of TGF-β and IL-4, a strong driver of cancer progression in the tumor microenvironment (36) . Moreover, recent data provided evidence that suPAR down-regulates PTEN in endothelial cells to support angiogenesis, a hallmark in cancer progression, via activation of the PI3K/Akt pathway (37) . Nevertheless, the exact pathophysiological correlation between elevated levels of suPAR and an impaired prognosis of PDAC patients in our cohort remains not fully understood, underlining the need for further molecular studies ideally including e.g. uPAR knockout mice in the context of PDAC (38) . Of note, we observed no significant change of circulating suPAR levels 6 to 7 days after tumor resection and the individual kinetics of circulating suPAR before and after surgery had no impact on the patients' survival. It is thus unlikely that suPAR serum levels 1 week after surgery reflect successful resection of pancreatic cancer but are rather affected by postoperative systemic inflammation. In line, we have shown a strong correlation between postoperative suPAR serum levels and the patients' leukocyte count or CRP levels (Supplementary Figure 3 , available at Carcinogenesis Online). Moreover, it is conceivable that circulating suPAR did not exclusively origin from uPAR-expressing tumor cells but also from other cell types such as inflammatory or immune cells. However, further clinical studies including later time points of serum analyses after tumor resection are warranted to fully elucidate the postoperative course of circulating suPAR.
Interestingly, our study further revealed a potential role of preoperative suPAR levels as a predictor of postoperative AKI following pancreatic tumor resection. While postoperative AKI is a well-known complication after extensive abdominal surgery, which is associated with poor short-and longterm outcomes (39, 40) , the preoperative identification of patients who are particularly susceptible to AKI has remained challenging. Serum creatinine levels are the most established biomarker for the evaluation of renal function but its relevance for the prediction of postoperative AKI is restricted (41) . In the context of pancreatic resection, preoperative severe chronic kidney disease (CKD grade IV/V) has been described as a negative prognostic factor (42), but also asymptomatic renal dysfunction which often goes along with unaltered creatinine levels represents a significant risk factor for morbidity after pancreatoduodenectomy (43) . Moreover, elevated preoperative suPAR levels were associated with postoperative surgical complications and the necessity of revision surgery after initial tumor resection. Serum levels of suPAR might thus not only be a valuable tool in the clinical decision making whether a PDAC patient should undergo extensive surgical resection or not, but could also identify patients who are particularly susceptible to postoperative AKI or surgery-related complications and therefore require specific perioperative attention. Although the exact pathophysiological association between an impaired postoperative renal function and elevated preoperative suPAR levels is not fully understood, it was shown that circulating suPAR binds and activates ß3 integrins, which anchor podocytes to the underlying glomerular basement membrane, leading to significant podocyte dysfunction and proteinuria (44) . Our findings are further in line with previous data suggesting a predictive role of circulating suPAR for the occurrence of AKI after major cardiac surgery (25) . Moreover, suPAR serum levels have been shown to independently correlate with a decline of the glomerular filtration rate in a large cohort of patients after cardiac catheterization (16) .
This study was limited by a few points. First of all, the two patient cohorts were defined by their time of inclusion but were still operated at the same center. Importantly, the single-center study design ensured to have similar criteria for assessing eligibility for a surgical approach to PDCA in both cohorts. Second, our study only gave information on the prognostic role of suPAR in the context of pancreatic tumor resection. However, it remains unknown if patients with high preoperative suPAR levels and poor postoperative survival would have benefitted similarly or even to a greater extent from a different treatment modality such as systemic chemotherapy. In line, suPAR and/ or other biomarkers could be helpful to identify patients who might specifically benefit from a more aggressive therapeutic approach including highly active neoadjuvant and adjuvant chemotherapy regimens (e.g. ESPAC-4, PRODIGE24 (8, 45) ). In this context, the implication of prognostic biomarkers such as suPAR in the preoperative stratification process especially for borderline resectable patients (46) represents a promising novel approach. However, to corroborate the clinical relevance of circulating suPAR in the context of PDAC, further larger and prospective clinical trials including different treatment modalities for PDAC patients are warranted, which we hope to have stimulated with our study.
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Supplementary data are available at Carcinogenesis online. 
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